2+ surfaces was evaluated using surface plasmon resonance spectroscopy. Specific binding occurred, and the affinity increased with the valency of tryptophans on the knottin. Additionally, increased multilayer formation was observed, attributed to homoternary complex formation between tryptophan residues of different knottins and CB [8] . Thus, we were able to control the surface coverage of the knottins by valency and concentration. Cell experiments with mouse myoblast (C2C12) cells on the self-assembled knottin surfaces showed specific integrin recognition by the RGD-displaying knottins. Moreover, cells were observed to elongate more on the supramolecular knottin surfaces with a higher valency, and in addition, more pronounced focal adhesion formation was observed on the higher-valency knottin surfaces. We attribute this effect to the enhanced coverage and the enhanced affinity of the knottins in their interaction with the CB [8] surface. Collectively, these results are promising for the development of biomaterials including knottins via CB[8] ternary complexes for tunable interactions with cells.
■ INTRODUCTION
Cells are surrounded by a highly dynamic extracellular matrix (ECM) and respond to various factors in the ECM environment, among which chemical and mechanical cues play a major role. 1, 2 Such cues can initiate a cascade of instructions for adhesion, spreading, proliferation, migration, and differentiation and eventually even drive the formation and the development of tissues. Among the cell surface receptors that signal these cues, members of the integrin family recruit multiple proteins that eventually form so-called focal adhesions between the cell's cytoskeleton and the ECM. 3, 4 A synthetic Arg-Gly-Asp (RGD) peptide motif, present on several ECM proteins such as fibronectin or vitronectin, has been identified to selectively bind to integrin receptors. 5 The development of biomimetic materials incorporating this short RGD peptide sequence has resulted in much progress in understanding cell responses on biomaterials that mimic ECM cues. 6, 7 However, the introduction of dynamic and stimuli-responsive molecular constituents in such biomimetic materials has only recently gained attention. 8−10 Supramolecular chemistry offers a powerful approach to designing systems in which ligands engage with their cell receptors in a dynamic, reversible, and stimulus-sensitive manner. 11 Biomimetic matrices have been reported on the basis of host−guest chemistry using cyclodextrins and cucurbit-[n]urils for the tunable, modular, and responsive presentation of RGD peptide ligands for cell adhesion. 11−19 For example, we have reported the development of a self-assembled monolayer (SAM) for the dynamic display of linear RGD sequences through the formation of a CB [8] heteroternary complex between surface-bound methyl viologen (MV 2+ ) and naphtholmodified RGD. 12, 20 On these surfaces, it was also possible to locally release ligands through electrochemical stimuli with subcellular resolution. 12 Recent FluidFM measurements revealed that the rupture forces of cells adhered to interfaces displaying linear RGD using our reversible noncovalent system were nearly identical for up to several hours when compared to those of conventional irreversible covalent systems. 20 A combination of factors account for this observation, among which the increase in the effective concentration of the supramolecular components under spread cells and the weak rupture force between linear RGD and integrin played major roles. 20, 21 When using RGD with a high affinity for integrin receptors, the interaction between cells and our supramolecular surfaces would be more prone to sense differences in the binding affinity of the host−guest complex. Compared to linear RGD, improved integrin binding, functionality, and specificity have been achieved when using synthetic cyclic RGD sequences 22 and recombinant proteins with RGD grafted within one of their loops, for example, in VEGF, 23 fluorescent proteins, 24 and miniprotein scaffolds. 25, 26 One such RGDcontaining loop with a high affinity (K d < 30 nM) for integrins α V β 3 , α V β 5 , and α 5 β 1 27 was developed in a knottin, a highly stable cystine-stabilized miniprotein scaffold. Because of their knotted structure, these miniproteins have been shown to be highly resistant to proteolytic and thermal degradation. RGDmodified knottin was successfully used to inhibit tumor cell propagation. 25, 26 We have recently reported the assembly of knottins on our supramolecular SAMs in monovalent and bivalent manners. In this case, heteroternary complexes were formed each between surface-bound CB [8] -MV 2+ and tryptophan (Trp, W) moieties on either one or both of the N-and C-termini of the knottins. The affinity for the bivalent heteroternary complexation occurred with K d = 0.75 μM, more than an order of magnitude stronger than its monovalent variant. 28 Surface-tethered knottins remained functional and were found to specifically recognize their target binding enzyme, trypsin. 28 Here we aim to exploit the multivalent nature of tryptophan and RGD-modified knottins to influence their interactions with cells
We approach this study by preparing a focused set of integrin-targeting knottin variants with varying affinities for our supramolecular CB [8] -SAM surfaces. To this end, CB [8] SAMs were prepared on an antifouling layer on gold displaying 1% maleimide functionalities that were reacted with a thiolated methyl viologen (MV 2+ ). Subsequently, a ternary complex among MV 2+ , CB [8] , and the knottin is formed. The 
■ RESULTS AND DISCUSSION
Our genetically engineered knottin constructs that are able to simultaneously bind integrins and CB [8] were designed with the features as depicted in Figure 1 . A knottin miniprotein (W) engineered by Cochran and co-workers 27 to bind integrins α V β 3 , α V β 5 , and α 5 β 1 with high affinity (K d < 30 nM) was selected for the current study and contains no other tryptophans. To either one of the N-or C-termini of the knottin, zero to two CB [8] -binding motifs (SGGWGGS) were genetically fused, resulting in five different knottin constructs (W0, W1, W2, W3, and W4) as shown in Figure 1b . For the constructs with fewer than four SGGWGGS motifs, tryptophan was replaced by a serine, resulting in a nonbinding SGGSGGS motif that was placed at the remaining sites. These motifs were separated from the knottin by flexible linkers composed of glycines (Gly, G) and serines (Ser, S) with a maximum length of about 2.2 nm, which is a sufficient distance to allow for host−guest interactions to occur between adjacent hosts on the surface and tryptophans residing on one end of the knottin. 20 At the N-and C-termini of the entire constructs, zwitterionic GEGK peptide sequences were included to improve their solubility in aqueous solutions. As a negative control for the integrin-binding RGD motif, the functional loop of the W4 knottin was mutated to RGE, resulting in construct W4E (Figure 1b) .
These knottin constructs were genetically fused to the Cterminus of a teal fluorescent protein (TFP), separated by an enterokinase cleavage site (EKCS) linker and expressed in E. coli to prevent inclusion in body formation as described previously. 28, 29 Once expressed, the knottins were cleaved from TFP using enterokinase and purified using centrifugal filters. (See the Supporting Information for details.) SDS-PAGE was performed using the mixture obtained after the cleavage reaction and before centrifugation where bands corresponding to TFP (∼30 kDa), enterokinase (∼25 kDa), and the knottin constructs (∼10 kDa) were observed ( Figure S1 ). The bands were visualized by enhancing the fluorescence of the tryptophan using Bio-Rad stain-free precast gels (Supporting Information). Accordingly, the W0 band was not visible, and the intensity of the bands corresponding to the other constructs seemed to depend upon the number of tryptophans they contained. Through MALDI-ToF measurements, the masses of the purified knottin constructs were determined ( Figure 2) . Surprisingly, the recorded masses were always 378 Da lower than the theoretically calculated masses. This mass difference corresponded exactly to that of the GEGK sequence at one of the termini of the knottin constructs. The enterokinase cleavage site (DDDDK) lies adjacent to the N-terminal GEGK sequence, and enterokinase is normally expected to specifically cleave the protein at the C-terminal of the lysine. In our construct, we suspect that the enterokinase detected its specific cleavage site; however, it performed the cleavage after the lysine residue in the N-terminus GEGK sequence as well. 30 Subsequently, the masses of the knottin constructs calculated by subtracting the mass of a GEGK sequence correspond to the experimentally determined masses. In the theoretically determined masses, we also took into account the 6 Da loss during the formation of all disulfide bridges within the knottin core. Because the experimental masses corresponded to these theoretical values, it can be assumed that all disulfide bridges were formed in our constructs. These results indicate that we were able to successfully isolate our knottin constructs using E. coli. To determine the concentrations of the cleaved and purified knottin constructs, UV−vis absorbance spectra were recorded ( Figure S2 ). An absorbance peak observed at λ = 280 nm was due to the presence of tryptophans, and another peak appeared at λ = 250 nm that was due to the presence of cystines. Using the absorbance values at λ = 280 and 250 nm of these curves and their ratios, along with theoretically determined extinction coefficients, the concentration of each sample was determined. (The calculations are presented in the Supporting Information.)
The differences between the knottin constructs in binding to well-packed self-assembled monolayers (SAMs) of MV 2+ -CB [8] were evaluated. The monolayers were prepared ( Figure  1a ) on gold sensors for surface plasmon resonance (SPR) with a background layer of antifouling oligo(ethylene glycol) alkanethiols consisting of 1% maleimide groups. (See the details in the Supporting Information. 31 ) Thiolated methyl viologen (MV 2+ ) was conjugated to the maleimide groups and acted as the first guest for CB [8] to bind at the surface. In Figure 3a , SPR measurements were performed in a flow cell using the MV 2+ -functionalized sensors over which CB [8] was flowed and allowed to interact. Following this, increasing concentrations of each knottin construct, in the presence of CB [8] , were sequentially injected and allowed to flow until equilibrium was reached. After the highest concentration, dissociation was allowed to occur by first flowing solutions with only CB [8] , followed by buffer. It was observed that the binding responses of the knottin constructs were generally higher in the constructs containing more tryptophan with SGGWGGS motifs. In the case of W0, negligible binding was observed even when the highest concentration was used, supporting our claim that the knottin constructs bind to the CB [8] SAMs specifically through the tryptophan-containing motifs. It is important to note that tryptophan binds in the presence of CB [8] more strongly to surface-bound methyl viologen to form a heteroternary complex as compared to another tryptophan to form a homoternary complex in solution. 32 In addition, depending on the number of tryptophan residues on the knottin constructs, a tryptophan on one knottin might dimerize intermolecularly with another tryptophan on a second knottin that remains in solution or potentially could lead to structures surface-bound by partial heterocomplexation and bulging from the surface. 33 Alternatively, intramolecular binding is possible with another tryptophan linked by a flexible peptide chain on the same knottin. Intramolecular complexation is mostly probable on tetravalent W4 in which the tryptophan residues have more chances of interaction, with respect to trivalent W3. Much to our surprise, the higher the valency of the knottins, the higher the value where the SPR signal saturated, indicating that more knottins were bound to the surface the more binding sites that were available. At low concentrations of knottins, the SPR response for W3 was unexpectedly higher than for W4. Presumably, at low concentrations the interaction of the tetravalent construct with the surface in a heteroternary complex might suffer from the competing formation of divalent or tetravalent homoternary complexes in solution to a greater extent when compared to the W3 construct. Plotting the equilibrium-level responses against their respective concentrations for each knottin construct, apart from W0, gave binding curves (Figure 3b ) from which we derived dissociation constants (K d ) and the slope at the inflection point (b) by analogy to dose−response curves in bioassays using a four-parameter logistic regression model. 31 In the case of monovalent variant W1, no reliable fits were obtained because the saturation value at high concentrations was not accessible. For the higher-valent knottins, this analysis shows clearly that the affinity of the knottin constructs toward 28 whereas W3 yielded a stronger binding affinity value of K d = 0.24 ± 0.05 μM. Interestingly, in the cases of W2 and W3, conventional Langmuir adsorption is present (b approaches 1), whereas the binding of W4 occurred more strongly (K d = 0.19 ± 0.03 μM) but deviates from this (b exceeds 1), indicating that the binding behavior changes with the knottin concentration. In addition, we note that the affinities do not strongly depend on valency, indicating extensive competition, and that higher values of saturation were observed for W3 and W4, even though all SAMs presented comparable MV 2+ and CB [8] coverages (Figure 3b) . Furthermore, the dissociation rate seems to be rather insensitive to the valency, most likely indicating that the constructs have valencies that are very similar to those of the surface (or at least for what does get released, Figure 3b ).
These observations indicate that true tri/tetravalent binding to a surface with these knottin constructs is impossible, and we tentatively assign the observations to a concentration-dependent scenario in which homodimerization in solution is competing with the formation of the heteroternary complexation on the surface. The most probable explanation is the formation of multilayered structures in which heteroternary complexes with the MV 2+ ·CB [8] -modified surfaces anchor buckles of polyvalent knottins held together by homoternary (tryptophan) 2 ·CB [8] complexes. Further support is found in the desorption traces of the constructs upon switching to knottin-free solutions: whereas the decrease in coverage upon switching to CB [8] solutions is small and similar across W2− W4, the signal upon switching to buffer shows larger decreases for the constructs with larger numbers of tryptophans. This behavior confirms a larger extent of multilayer formation for the higher-valency constructs.
Having demonstrated the ability of our knottin constructs to bind specifically with MV 2+ ·CB [8] -SAMs, we next proceeded to test cell adhesion on these surfaces. To this end, SAMs were prepared as for the SPR experiments (Supporting Information) with the mono-, bi-, tri-and tetravalent knottins (W1−W4) having on an exposed loop an RGD-binding motif with a lownanomolar binding affinity for integrins. This means that all of our knottin constructs bind more weakly to the surface than to the integrin and that differences in cell-binding behavior are primarily caused by differences in the host−guest interactions. Because variations in the cell environment in terms of ligand availability influence cell adhesion, 34 two sets of surface densities were tested. The first set of conditions (high density) was prepared using 2 μM knottin solutions, resulting in saturation for all polyvalent knottin constructs but different surface coverages depending on the valence. The second set (low density) was obtained by incubating the SAMs with knottin concentrations at which all constructs yielded approximately the same surface coverage (Δα = 0.085°in Figure 3a) . A common cell line for studying cell adhesion is the mouse myoblast (C2C12) cell line. C2C12 cells were seeded and adhered to the SAMs for 1 h, after which the cells were fixed and stained for actin, vinculin, and nuclei. The fluorescent micrographs are presented in Figure 4 at high (with an asterisk in Figure 4 ) and low (without an asterisk in Figure 4 ) surface coverage. To verify specific cell adhesion, the modified version of W4 was used in which the RGD motif was replaced by an RGE sequence (W4E). Additionally, surfaces modified with only MV 2+ or with MV 2+ and CB [8] were tested as negative controls. As positive controls for cell adhesion, fibronectin (Fb)-coated surfaces and SAMs presenting a covalently attached RGD peptide (Cov) were included (Figure 4) . Cells adhered and spread on all protein surfaces at low and high densities of RGD-knottins, whereas fewer and rounded cells were seen in SAMs displaying only MV 2+ or MV 2+ ·CB[8] (Figure 4 ). On SAMs of the control W4E knottin construct, fewer cells spread compared to the other knottin variants.
Quantitative analysis of the fluorescence micrographs was performed using CellProfiler software (Supporting Information). Attempts to quantify the extent of cell spreading considering the cell area gave no significant differences between the various SAMs, with the exception of negative controls MV 2+ and MV 2+ ·CB [8] (Figure 5a ). Further insights into the differences in cell morphology were achieved by comparing the cell circularity (eccentricity), which is a method approximating each cell by an ellipse and calculating the eccentricity as the ratio of the distance between the ellipse foci and the cell major axis length. An eccentricity value of 1 represents a perfect circle. The plot of the values of eccentricity is presented in Figure 5b . Negative controls MV 2+ and MV 2+ · CB [8] were significantly different from the positive controls. We note that even though RGE is a commonly used inactive version of RGD we realized from this work that it does not necessarily have to be the case in our high-affinity integrinbinding knottins. In the original paper from which we adapted the current knottin sequence, they used a negative control with a completely different loop to render it completely integrininactive. 27 Despite this, we do see significant differences between the W4E and the W3 and W4 surfaces in terms of major/minor axis length and focal adhesions.
In addition, this major/minor axis length parameter allowed us to delineate a trend between cell elongation and valency when changing from the low-valency W1 and W2 knottins toward the high-valency W3 and W4 knottins. Significant differences between low-and high-valency knottins were found for the SAMs prepared at low density. To more clearly represent the cell elongation, the ratio between the major and minor cell axis lengths was evaluated and revealed to be more sensitive toward the differences in the valency of the knottins (Figure 5c ). Significantly higher ratios, indicating larger elongation, were determined for cells seeded on surfaces presenting high-valency knottin constructs in comparison with cells on low valency ones, on both high and low surface densities. No differences were observed between the positive controls and the tri-and tetravalent constructs nor between all negative controls and the mono-and bivalent constructs at any surface density. This quantitative analysis confirmed that knottin constructs can be used to promote supramolecular cell adhesion and that constructs with different binding behavior can actually elicit differences in cell morphology. Interestingly, supramolecular SAMs at a low surface density of knottins yielded more marked differences in cell elongation with respect to surfaces with high surface density. The better performances of the surface at low knotting coverages could be due to an RGD ligand density closer to the optimum for C2C12 cells as well as to the formation of more uniform monolayers when diluted solutions of knottins are provided for interaction with the surfaces. The distributions of the ratio between major and minor cell axis length presented in Figure  5c presumably indicate that cells on supramolecular SAMs with sufficient affinity resemble the cell elongation observed on Fb as natural mimics of the ECM. The green fluorescence of the vinculin marker for focal adhesions was also compared for cells seeded on knottin SAMs at low surface coverage ( Figure 6 ). Along with the increase in valency, more pronounced localized green fluorescence intensity was detected. Oppositely, the green fluorescence intensity was uniformly spread in the cytoplasm in all negative controls. This confirmed the correlation between the valence of the knottins and the formation of mature focal adhesion clusters. Cellular responses on multivalent supramolecular surfaces have been sparsely reported, even though such interactions are predominant in natural systems. SPR results clearly show that ligand assembly on the surface is affected by multivalency, leading to different types of surface coverages ranging from poor to multilayers. The preliminary cell studies provide an indication that the different types of ligand assemblies on the surface do affect certain aspects of cell behavior. The differences that were observed and quantified, even though they might seem modest, are indeed significant, as determined by appropriate statistical tests. Furthermore, significant differences seen between W3, W4 and W1, W3 for certain cell morphology parameters indicate that multivalency definitely plays a role in eliciting different cell behavior. Further cell experiments with more ligand assembly conditions, longer cell-spreading times, different cell types, and more in-depth analysis will be the subjects of upcoming studies.
■ CONCLUSIONS
We have investigated the CB [8] -mediated assembly of multivalent knottins displaying RGD ligands for cell adhesion. A focused set of knottin constructs was produced and characterized with distinct numbers of tryptophans. The interaction of the knottins on MV 2+ ·CB [8] monolayers was characterized by SPR showing slightly higher binding affinities for knottins with a larger number of tryptophan residues. More pronounced was an increased extent of multilayer formation for the higher-valent constructs attributed to homoternary complex formation between tryptophans of different knottins and CB [8] . Cell adhesion on the supramolecular SAMs demonstrated the availability of the RGD ligand for specific integrin recognition on the knottins displayed on the supramolecular SAMs. Moreover, a correlation was observed between the elongation of cells and the valence of the knottins on the supramolecular SAMs. Tri-and tetravalent knottin constructs, especially at low surface density, yielded the largest extent of cell elongation and more pronounced focal adhesion formation, similar to that observed on fibronectin surfaces. This study the first step toward using knottins in dynamic and reversible biointerfaces and biomaterials.
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